Phyllosilicate-rich fault rocks are common in large-scale fault zones and can dramatically impact fault rheology. Experimental evidence suggests that multi-mechanism frictional-viscous flow (FVF) may operate in such lithologies, potentially significantly weakening mature fault cores. We report microstructures indicative of FVF in exhumed phyllonites of the Karakoram Fault Zone (KFZ), NW India. These include interconnected muscovite foliae, lack of quartz/feldspar crystal preferred orientations, and sutured grains and overgrowths indicative of fluid-assisted diffusive mass transfer. FVF microphysical modelling, using microstructural observations from the natural fault rock and experimentally-derived friction and diffusion coefficients, predicts low peak shear strengths of <20 MPa within the frictionalviscous transition zone. Chlorite geothermometry indicates that synkinematic chlorites grew at 351 ± 34 C(c. 10 km depth) during FVF, immediately above the transition to quartz crystal plasticity. The deformation processes and interpreted low shear strength of the exhumed KFZ fault rocks provide analogues for processes operating currently at depth in active faults of similar scale. If similar lithologies are present at depth, then the Quaternary seismic characteristics of the KFZ support faults with phyllonitic cores being able to accommodate large seismic ruptures. The results also provide rare rheological constraints for mechanical models of the India-Asia collision zone.
Introduction
Constraints on fault rock rheology are fundamental to characterisation of deformation processes across a wide range of spatial and temporal scales, including micro-scale deformation mechanisms, earthquake nucleation/propagation, creeping behaviour, fault reactivation and macroscopic dynamics of continental crust/lithosphere (Rutter et al., 2001; Handy and Brun, 2004; Bürgmann and Dresen, 2008; Imber et al., 2008; Schrank et al., 2008; Holdsworth et al., 2011) . The presence of phyllosilicate-rich lithologies, including phyllonites and certain gouges and foliated cataclasites, in fault zones is thought to dramatically impact fault zone rheology (Wintsch et al., 1995; Jefferies et al., 2006a Jefferies et al., , 2006b Holdsworth et al., 2011; Rutter et al., 2013; Wintsch et al., 2013) . Phyllosilicates (e.g. micas and clays) and phyllosilicate-bearing fault rocks are typically frictionally weak, with coefficients of friction (m) commonly < 0.4 (Morrow et al., 2000; Moore and Lockner, 2004; Niemeijer and Spiers, 2005; Ikari et al., 2011; Behnsen and Faulkner, 2012; den Hartog and Spiers, 2013; den Hartog et al., 2013) . Such materials are typically associated with velocity strengthening behaviour, particularly at low sliding velocities (<1 mms À1 ), but velocity weakening behaviour can occur at higher sliding velocities (>1 mms À1 ) (Niemeijer and Spiers, 2005 Ikari et al., 2011; den Hartog and Spiers, 2013; den Hartog et al., 2013) . Conversely, most other mineral groups, including framework silicates, and their associated fault rocks are frictionally strong with m ¼ 0.6e0.85 (Byerlee, 1978; Blanpied et al., 1995; Ikari et al., 2011) . Fault materials with m > 0.5 also exhibit both velocity strengthening and velocity weakening behaviour but, in general, are more prone to velocity weakening than those with lower frictional strength (Ikari et al., 2011) .
In lithologies containing both phyllosilicates and stronger minerals, normal stress and strain-rate sensitive, multimechanism, frictional-viscous flow (FVF; Handy, 1990 )h a sb e e n proposed on the basis of experimental observations (Chester and Higgs, 1992; Bos et al., 2000; Bos and Spiers, 2001; Niemeijer and Spiers, 2005) and theoretical modelling (Chester, 1995; Bos and Spiers, 2002; Niemeijer and Spiers, 2007; den Hartog and Spiers, 2014) . FVF occurs by frictional sliding on interconnected phyllosilicate foliae, which wrap around clasts of stronger minerals, whilst incompatibilities in the shear displacement field are accommodated by dilation and/or fluid-assisted diffusive mass transfer from high to low stress sites on clast grain boundaries ( Fig. 1 ; Bos and Spiers, 2002) . The effective strength of assemblages deforming by these combined mechanisms is subject therefore to control by phyllosilicate frictional strength and clast dissolution-precipitation kinetics, hence also normal stress, pore fluid pressure and chemistry, temperature, strain rate, composition, grain size and angles between sliding surfaces (Bos and Spiers, 2002; Niemeijer and Spiers, 2005) .
FVF has the potential to result in dramatic weakening relative to NaviereCoulomb friction with Byerlee (1978) friction coefficients, or normal stress-independent plastic flow laws, particularly at the base of the upper crust in the frictional-viscous transition zone (FVTZ) where elevated temperatures enhance diffusional mass transfer (Chester, 1995; Bos and Spiers, 2002; Niemeijer and Spiers, 2005) . Whilst FVF has a strong experimental and theoretical basis, an ongoing challenge is to model the rheology of frictional-viscous deformation of natural fault rocks. In order to assess the extent to which FVF weakens faults and the conditions under which this occurs in nature, detailed descriptions of fault rocks potentially deformed by FVF are required, in addition to constraints on the deformation conditions.
Microstructures consistent with the operation of FVF have been described from faults in compressional, extensional and strike-slip tectonic settings (summarised in Table 1 ). These studies show that FVF potentially operates most commonly in phyllonites and foliated cataclasites, but may occur also in schists, gouges and micaceous mylonitic lithologies. The conditions under which these fault rocks form and FVF may occur span a commensurately large range, typically 200e500 C and 5e15 km depth, in broad agreement with the predictions of microphysical modelling (Bos and Spiers, 2002; Niemeijer and Spiers, 2005; den Hartog and Spiers, 2014) . Many of the studies in Table 1 describe similar sequential fault rock evolution whereby fracturing results in grain size reduction and localized fluid influx. The ingressing fluids promote retrograde hydration alteration of frictionally strong minerals (e.g. feldspars, pyroxenes) to weaker phyllosilicates (e.g. muscovite, chlorite, talc). The resultant phyllosilicates form interconnected weak layers that wrap around more rigid relict clasts, commonly showing pressure solution seams and overgrowths indicative of fluid assisted diffusive mass transfer (Table 1 ; see also Handy (1990) and White and Knipe (1978) ).
Fault strength is an important factor for characterising the styles and mechanisms of continental deformation (Rutter et al., 2001; Handy and Brun, 2004; Bürgmann and Dresen, 2008) . Whether, for instance, broad zones of continental deformation are best approximated by continuum deformation of thin viscous sheets, or as a collage of microplates/blocks, depends largely on the strength and significance of faults relative to the intervening crust (Tapponnier and Molnar, 1976; England and Houseman, 1988; Molnar, 1988; Thatcher, 2009) . Faults with low shear strength relative to intervening material result in more localised deformation and kinematically complex strain fields during crustal/ lithospheric-scale deformation. For the India-Asia collision zone, which is one of the principle testing grounds for such hypotheses, opinions range widely between these two end-members (Bürgmann and Dresen, 2008; Thatcher, 2009; Searle et al., 2011) .
The Karakoram Fault Zone (KFZ) is one of the longest strike-slip faults of the Himalayan-Tibetan system and delineates the western margin of the Tibetan plateau (Fig. 2 ). As such, its history, mechanics and kinematics are central to discriminating between models of Tibetan deformation (Searle et al., 2011) . Two schools of thought, based on geological evidence, exist for the long-term history of the KFZ. In one, the KFZ initiated as early as 19-32 Ma and has accommodated offsets of several hundred kilometres at slip-rates of !10 mmyr À1 (Lacassin et al., 2004; Valli et al., 2008; Boutonnet et al., 2012; Sen et al., 2014) . In the other, the KFZ initiated at <16 Ma and has accumulated no more than 150 km offset at slip-rates of <10 mmyr À1 (Searle et al., 1998; Phillips et al., 2004; Wang et al., 2011; Zhang et al., 2011; Wallis et al., 2014a Wallis et al., , 2014b ). An alternative approach to investigating deformation of the India-Asia collision zone is to model its present-day deformation based on geodetic data and its current fault configurations (e.g. He and Ch ery, 2008; Thatcher, 2009; Longstaff and Meade, Fig. 1 . Simplified sketch of frictional-viscous flow after Bos and Spiers (2002) and Niemeijer and Spiers (2005) . Elongate soluble clasts (grey) are wrapped by phyllosilicate foliae (black). Clast material diffuses along grain boundaries from regions of compression to regions of dilation. Deformation within phyllosilicate foliae is accommodated by frictional sliding and/or intracrystalline plasticity. approximately spanning the range of long-term slip-rates inferred from geological studies. Geological information on the shear strengths of major faults within the India-Asia collision zone is therefore required to constrain numerical model interpretations.
The style of deformation in the NW Himalaya has recently been suggested to be characterised by strain partitioning between arcnormal motion on the Main Frontal Thrust and arc parallel motion on the KFZ (Fig. 2) , based on geological observations (Murphy et al., 2014) and GPS measurements (Kundu et al., 2014) . GPS data indicate that, of the 17 ± 2mmyr À1 convergence between India and Tibet, 13.6 ± 1m m y r À1 is accommodated by the Himalayan thrust system whilst 5 ± 2m m y r À1 is partitioned to dextral strike-slip motion on the KFZ (Kundu et al., 2014) . This strain partitioning behaviour has been simulated by simple geodynamical models of the NW Himalaya region (Murphy et al., 2014; Whipp et al., 2014) . Interestingly, the numerical models of Whipp et al. (2014) indicate that such strain partitioning only occurs when the strike-slip fault zone is very weak, with internal friction angles < 10 , corresponding to friction coefficients < 0.18. Geological constraints on the shear strength of the KFZ are therefore required to test the validity of the strain partitioning models. Wallis et al. (2013) described greenschist facies phyllonites within the KFZ and interpreted them to play a significant role in weakening this major strike-slip fault of the India-Asia collision zone. In this contribution we describe the microstructure of these phyllonites in detail and determine the temperature of their formation using geothermometry of synkinematic chlorites. Finally we model their effective shear strength during FVF using microstructural and environmental parameters from the natural fault zone in the experimentally-derived FVF model of Niemeijer and Spiers (2005) . The results are discussed in terms of their implications for the strength and seismogenic processes of large-scale fault zones, as well as for modelling and characterising the macroscopic tectonics of continental deformation (e.g. the Himalayan-Tibetan orogen).
Structural setting of the Karakoram fault zone phyllonites
The KFZ is a c. 800 km long dextral strike-slip fault forming the western margin of the Tibetan Plateau (Fig. 2a) . The presently exposed phyllonite that is the focus of this study was estimated by Wallis et al. (2013) to have formed at or since c. 14 Ma. However, as the KFZ likely cuts similar metapelitic lithologies at both higher (now eroded) and lower (still buried) structural levels, the deformation processes that it records are potentially analogous to those operating at depth, both earlier in its history and at the present day.
In Ladakh, NW India, the KFZ juxtaposes the eastern Karakoram terrane in the NE with the Ladakh arc terrane in the SW (Fig. 2b) . The Karakoram terrane in this region consists of the predominantly amphibolite grade Eastern Karakoram Metamorphic Complex (EKMC), including the Nubra and Saser formations and Pangong Transpressional Zone, along with dioritic and leucogranitic intrusions of the Karakoram batholith (Fig. 2b , Streule et al., 2009; Phillips et al., 2013) . These two intrusive suites were emplaced during an Early-Late Cretaceous phase of subduction-related magmatism and a mid-Miocene episode of crustal anatexis following the India-Asia collision .
In the Nubra Valley, the Nubra Formation of the EKMC comprises an elongate 50 Â 2.5 km band of metapelitic and metavolcanic lithologies between the 15.87 ± 0.08 Ma NubraSiachen leucogranite (Karakoram terrane) to the NE and the Ladakh terrane to the SW (Fig. 2b) (Phillips et al., 2004) . The Nubra Formation consists of greenschist facies metavolcanics and metapelitic lithologies of greenschist to mid-amphibolite grade, including slates, phyllites, kyanite-garnet-mica schist, andalusitegarnet-mica schist and local occurrences of marble and serpentinite pods (Fig. 3) ( Wallis et al., 2013) . Metavolcanics are found in the SW portion of the Nubra Formation and metapelites generally increase in metamorphic grade towards the NE. Foliation-parallel altered lamprophyre sheets with chilled margins intrude the Nubra Formation in Yulskam gorge (Fig. 3) . Fossil fauna suggest that at least some of the Nubra Formation protoliths are Permian in age (Thakur et al., 1981) .
The Nubra Formation records a range of deformational fabrics (mylonitic, phyllonitic and cataclastic) formed under varied conditions within the Nubra strand of the KFZ (Phillips and Searle, 2007; Wallis et al., 2013) , all of which strike approximately parallel to the regional trend of the fault (c.140 , Fig. 3 ). Mylonitic fabrics developed within metavolcanics and more intensely in the metapelites include quartz and feldspar dynamic recrystallisation microstructures indicative of deformation under uppergreenschist to lower-amphibolite grade conditions (Wallis et al., 2013) . The mylonitic fabrics grade with increasing intensity towards the NE margin of the Nubra Formation where it contacts the Nubra-Siachen leucogranite, which is also strongly mylonitised (Phillips and Searle, 2007) . The mylonitic fabrics are overprinted by both foliated cataclasites and a prominent 7e10 m wide band of orange-brown phyllonite close to the NE margin of the Nubra Formation (Figure 3 , also Figure 4 of Wallis et al., 2013; Phillips and Searle, 2007) , along with more minor phyllonitic bands distributed over several hundred metres from the leucogranite contact. The phyllonite has been recorded in Yulskam gorge (Fig. 3) and again in the Tirit gorge c. 15 km to the SE (Phillips and Searle, 2007; Wallis et al., 2013) . In Yulskam gorge, the phyllonite is bounded by foliated cataclasites, however, cross-cutting relationships are difficult to determine in outcrop due to the subparallel lithological banding. The phyllonite consists of a greenschist facies assemblage of quartz, muscovite, albite, chlorite, rutile and minor Fe-oxides (Figs. 3 and 4) , a lower grade assemblage than the amphibolite grade metapelites that it overprints. Wallis et al. (2013) suggested that phyllonitisation occurred at < 400 C and noted that the phyllonite contains deformation microstructures potentially indicative of deformation by FVF. These include interconnected layers of muscovite and chlorite wrapped around clasts of albite and quartz that indent one another when in contact. The microstructures of the phyllonite are described in detail in the following section.
In Yulskam gorge, the kinematics of deformation in the Nubra Formation metavolcanics and metapelites are characterized by foliation with a mean orientation of 142/76 NE and lineations with a mean orientation of 17/137 (Fig. 3) . Dextral shear sense, indicated by SeCeC 0 fabrics, asymmetric mantled porphyroclasts and mica fish, is consistent with the dextral offset across the KFZ (Wallis et al., 2013) . Shearing of the metapelites was therefore dominantly dextral strike-slip with a minor extensional component. The kinematics of deformation in the phyllonite band are characterized by foliation with a mean orientation of 140/70 SW and lineations with a mean orientation of 20/140 (Fig. 3) . The shear sense of the phyllonite is indicated by dextral SeC 0 fabrics (Wallis et al., 2013) . The phase of deformation that affected the phyllonite was therefore dextral strike-slip with a subordinate reverse component.
Recrystallised quartz and calcite veins within the Nubra Formation, including the phyllonite (Fig. 4b) , indicate episodic embrittlement events at depths where deformation was otherwise predominantly ductile (Wallis et al., 2013) . Such veining during mylonitic flow is diagnostic of low differential stress and high fluid pressures and therefore these brittle events were potentially aseismic (Handy et al., 2007) . Minor brittle faults cross-cut the Nubra Formation at variable angles and record deformation at shallower depths after phyllonitisation (Wallis et al., 2013) .
Palaeoseismic evidence for large (M w > 6) earthquakes in the vicinity of the Nubra strand of the KFZ includes Quaternary synsedimentary lacustrine seismites and offset fluvio-lacustrine strata (Upadhyay, 2001 (Upadhyay, , 2003 Phartiyal et al., 2005; Phartiyal and Sharma, 2009) . Considerations based on wider Quaternary palaeoseismic evidence and the long-term slip-rate of the KFZ suggest that the central portion of the fault generates M w 7e8 earthquakes approximately every 1 kyr (Brown et al., 2002; Houli e and Phillips, 2013; Wallis et al., 2013) . Evidence for Quaternary palaeoseismicity in the vicinity of the Nubra strand is noteworthy because at depth the KFZ likely cuts similar Karakoram Terrane lithologies to those presently exposed at the surface (e.g. Searle et al., 2010) .
Phyllonite deformation microstructures and crystal fabrics
The KFZ phyllonite (sample W11/2, Fig. 3 ; Wallis et al., 2013 ) has a domainal microstructure (Figs. 4a and 5) of interlayered bands of
). Quartz-rich domains consist of approximately 50% quartz, 30% albite and 20% randomly dispersed chlorite. Muscoviterich bands are interconnected and laterally continuous at the thin section and hand specimen scales. Centimetre-scale folding of the layered microstructure (e.g. Figure 4c of Wallis et al., 2013) indicates that deformation was ductile at the hand specimen scale. In some instances individual bands consist of >95% aligned muscovite with asymmetric aligned rutile needles demonstrating dextral shear sense (Fig. 5b ). More typically, the muscovite-rich bands consist of c. 70% aligned muscovite, which wraps around elongate clasts of albite (c. 20%) with interlayered rutile needles and chlorite sheets (Fig. 5ced) . The abundant rutile is likely derived from retrogression of biotite, which contains c. 2 wt.% TiO 2 in preserved amphibolite-grade Nubra Formation metapelites (Wallis et al., 2014b) . Chlorite is present as sheets intergrown with muscovite ( Fig. 5ced ), but is best developed in the pressure shadows of albite clasts ( Fig. 5e ) and quartz-rich domains (Fig. 5f ). These structures demonstrate that chlorite growth was syn-kinematic with respect to deformation of the phyllonite. The phyllonite also contains sigmoidal mm-scale clasts of dynamically recrystallised polycrystalline quartz (Fig. 4b) . Ubiquitous subgrains and neoblasts of equal size within the quartz clasts indicate subgrain rotation dynamic recrystallisation. Elongate polyphase sigmoidal clasts composed of quartz þ albite þ chlorite þ rutile are also present ( Fig. 4a and f) .
The results of two electron backscattered diffraction (EBSD) runs on the phyllonite sample are described in order to further characterise the phase distribution and to define the crystal fabrics within the specimen. EBSD data were collected using the FEI Quanta 650 FEG ESEM, equipped with an Oxford Instruments Nordlys S EBSD camera, Oxford Instruments Aztec 2.1 acquisition software and Channel 5 data processing software, at the University of Leeds. Pole figures were plotted using the program PFch5 (Mainprice, 1990) . Data were collected using 20 kV accelerating voltage, 5e15 nA specimen current and 70 tilt angle. Two areas were analysed using automated beam scans. The first covers a region of both Qtz þ Ab þ Chl þ Rt and Ms þ Ab þ Rt domains and was acquired with a 1075 x 940 grid of 0.763 mm steps. The second provides a detailed analysis of a Ms þ Ab þ Rt domain and was acquired with a 468x409 grid of 0.895 mm steps. Muscovite indexing rates were low compared to other phases due to the difficulty of preparing such muscovite-rich domains. Energy dispersive X-ray (EDX) maps acquired during EBSD analysis provide improved imaging of the elemental and hence phase distributions. Data were acquired on specimen surfaces cut parallel to the lineation and perpendicular to the foliation (i.e. the XZ plane of finite strain, with X horizontal in the images).
EBSD and EDX map analyses of the multi-domainal region shows interleaved Qtz þ Ab þ Chl þ Rt and Ms þ Ab þ Rt domains a few hundred microns in thickness (Fig. 6aef) . The muscovite distribution is highlighted by the Al and K maps (Fig. 6ced) , whereas the albite distribution is highlighted by the Na map (Fig. 6e) and chlorite is highlighted in the Mg map (Fig. 6f) . Pole figures of crystal orientations within a subset consisting of a Qtz þ Ab þ Chl þ Rt domain, show that quartz and albite have very weak, close to random crystal orientations. Chlorite has a strong crystal preferred orientation (CPO) defined by <010> directions strongly aligned with X, {001} poles forming a YZ girdle with superposed maxima about Y and Z, and <100> directions forming maxima inclined c. 30 clockwise to X (Fig. 6g) .
EBSD and EDX map analysis of the Ms þ Ab þ Rt domain shows scattered albite clasts distributed throughout a matrix of aligned muscovite (Fig. 6aef) . The muscovite distribution is highlighted by the Al and K maps (Fig. 6ced) , whereas the albite distribution is highlighted by the Na map ( Fig. 6e ) and chlorite is highlighted in the Mg map (Fig. 6f) . Pole figure analysis (Fig. 6g) shows that muscovite has a strong CPO defined by {001} maxima parallel to Z, and <100> and <010> directions forming approximately XY girdles with superposed maxima parallel to X and Y. Albite has a weak and disordered CPO consisting of multiple scattered sub-maxima in each pole figure. Each sub-maximum likely corresponds to one, or a few, large clasts measured several times.
Interpretation of phyllonite deformation mechanisms
The shear strength of muscovite is known to be low over a wide range of conditions (Mariani et al., 2006; Spiers, 2006, 2007; Van Diggelen et al., 2010; Behnsen and Faulkner, 2012; den Hartog and Spiers, 2013) . The through-going nature of the muscovite-rich bands suggests therefore that deformation is likely to have been preferentially accommodated by these bands rather than the quartz-rich domains within the KFZ phyllonite. Within the most muscovite-rich (c. 95%) bands (Fig. 5b) , deformation is interpreted to have been accommodated by frictional sliding on aligned muscovite cleavage planes, accompanied by dislocation glide on the (001)<110 > slip system to produce the observed muscovite CPO. Within the muscovite þ albite-rich bands (Fig. 5ced) , muscovite grain alignment and CPO suggests that sliding in the muscovite foliae was an important deformation mechanism (Fig. 6 ). Sutured/indented albite clasts (Fig. 5ced,  Fig. 6a ) and chlorite fringes/overgrowths in pressure shadows (Fig. 5eef) indicate that fluid-assisted diffusive mass transfer (i.e. pressure solution) was also significant in accommodating deformation. Poorly defined albite CPO (Fig. 6g) suggest that albite clasts deformed as relatively rigid bodies within the muscovite matrix. In combination, the sliding on muscovite foliae and diffusive processes indicated by sutured albite and chlorite overgrowths, along with the macroscopically ductile nature of deformation evidenced by folding, are strongly suggestive of frictional-viscous flow (Chester and Higgs, 1992; Chester, 1995; Bos et al., 2000; Spiers, 2001, 2002) .
During frictional-viscous flow, sliding on aligned muscovite foliae accommodated the majority of strain. Albite clasts acted as passive rigid bodies, with volume incompatibilities removed by pressure solution when clasts become locked. Material was reprecipitated in low stress sites (including chloritic pressure shadows) at the dilational trailing edges of rigid albite clasts and quartz-rich domains. The differences in composition between dissolved (e.g. albite) and precipitated (e.g. chlorite) phases suggest a component of incongruent pressure solution.
The chlorite CPO (Fig. 6 ) is consistent with a linear-decussate shape preferred orientation with (001) planes parallel to the X direction, as recognised in phyllonite from the Merens Fault in the Axial Zone of the Pyrenees (McCaig, 1987) . The weak approximately XZ <100> and <010> girdles are consistent with this interpretation, whilst the superposed maxima parallel to X may suggest a component of dislocation glide (Fig. 6 ). It should be noted however that the data represent too few chlorite grains to draw any firm conclusions.
Chlorite chemistry and geothermometry

Chlorite compositions
Major element data were collected on chlorite using wavelength-dispersive X-ray spectroscopy on the Jeol 8230 electron microprobe at the University of Leeds. Chlorite analyses were collected using 15 kV accelerating voltage, 15 nA beam current and a1m spot size. Peak and background count times were respectively 10 s and 5 s for Na and K, and 15 s and 7 s for remaining elements. Two to three analyses were made on each of 52 chlorite grains, giving 148 analyses in total (Supplementary Material).
Representative chlorite analyses are shown in Table 2 . The chlorites are classified as ripidolite and pycnochlorite according to Hey (1954) . Variation between analyses is small and suggests that the chlorites were well equilibrated (Neall and Phillips, 1987; Klein and Koppe, 2000 
Chlorite geothermometry
Chlorite geothermometry offers a means to estimate the temperature of chlorite growth within phyllonite. As chlorite growth is demonstrably synkinematic (Fig. 5eef) , chlorite geothermometry provides an estimate therefore of the deformation temperature.
Chlorite geothermometers are based on an empirical increase in Al IV content with increasing temperature (Cathelineau and Nieva, 1985; Cathelineau, 1988) . Although there is a positive correlation between temperature and octahedral Fe, Fe and Mg contents are also strongly dependent on geological setting and solution composition (Cathelineau and Nieva, 1985; Cathelineau, 1988; Klein and Koppe, 2000) . Kranidiotis and MacLean (1987) and Zang and Fyfe (1995) proposed modifications to the geothermometer of Cathelineau (1988) by adding corrections to the Al IV value as a function of the Fe/(Fe þ Mg) ratio, for low (0.18e0.64) and high (0.78e0.81) values of the ratio respectively. This ratio would in turn be affected by the fluid to rock ratio, GO 2, GS 2 ,p Ha n dh y d r othermal fluid composition (Klein and Koppe, 2000) . Klein and Koppe (2000) summarised several criticisms of simple Al IV -based chlorite geothermometers, as follows. (1) Mixed layers and fine intergrowths can result in contamination of microprobe analyses by other minerals (Jiang et al., 1994) . (2) Chlorites from different geological settings can show different temperatureecomposition relationships (De Caritat et al., 1993) . (3) Chlorite and smectite represent a continuum between pure smectite (<180 C) and chlorite (>270 C) (Schiffman and Fridleifsson, 1991) .
The chlorites in the KFZ phyllonite contain very low levels of Ca, Na and K (means < 0.2 atoms per formula unit) and cation totals on the octahedral site are very close to the ideal figure of 12 (11.87 ± 0.16, 1s), suggesting that "contamination" by mixed layers or intergrowths is minimal in these analyses (Jiang et al., 1994; Klein and Koppe, 2000) . Furthermore, the geological context of the phyllonites suggests that they formed at >270 C (Wallis et al., 2013) and should therefore be close to pure chlorite (Schiffman and Fridleifsson, 1991) . In order to address the variability of chlorite compositions between different geological settings we follow the procedure of Klein and Koppe (2000) in choosing the geothermometer for which the chlorite compositions of the calibration dataset most closely match those of the KFZ phyllonites (Table 3) . The calibration of Cathelineau (1988) does not show a satisfactory match for the KFZ phyllonite chlorites as all of the key parameters are out of the calibration range (Table 3) . Similarly, the geothermometer of Zang and Fyfe (1995) was calibrated using chlorites with higher Fe/(Fe þ Mg) and Si/Al than those from the KFZ phyllonite (Table 3) . Bourdelle et al. (2013) produced a geothermometric calibration incorporating the results of several recent studies and spanning a range of 1.70e2.42 Al IV per formula unit.
The KFZ phyllonite chlorites however have considerably higher Al IV contents up of to 2.92 per formula unit (Table 3) .
The chlorites used to calibrate the geothermometer of Kranidiotis and MacLean (1987) are most similar to those of the KFZ phyllonite as they include compositions up to 2.83 Al IV per formula unit and the other parameters are highly comparable between the two datasets ( Table 3 ). The Kranidiotis and MacLean (1987) geothermometer is therefore most appropriate for estimating the temperature of chlorite growth in the KFZ phyllonite. The error associated with this calibration, arising from the spread of measurements in the original Cathelineau and Nieva (1985) dataset, is estimated at ± 25 C. The temperature estimate for chlorite growth in the KFZ phyllonite given by the Kranidiotis and MacLean (1987) calibration is 351 ± 34 C, with the reported error being the square root of the sum of the squares of the calibration error and two standard deviations of the individual temperature estimates (±23 C). Two important caveats to this temperature estimate are that the calculated temperature is slightly outside the calibration range, which extends up to c.3 00 C, and that the effect of pressure on chlorite Al IV is in general poorly constrained.
The true uncertainty of the temperature estimate is likely therefore to be greater than that reported. Fig. 1 ; Bos et al., 2000; Bos and Spiers, 2001) . Halite was used in the experiments due to its well constrained diffusion kinetics at room temperature, allowing it to be used in room temperature experiments at reasonable rates as an analogue for pressuredissolvable minerals under hydrothermal conditions. The model was then applied to quartz-muscovite assemblages. The model geometry and theoretical basis are described in detail by Bos and Spiers (2002) , Niemeijer and Spiers (2005) and Jefferies et al. (2006a) . Niemeijer and Spiers (2005) updated the original model, based on new experimental results from muscovite-halite mixtures, to incorporate the effects of a component of crystal plastic deformation within the phyllosilicate foliae. This revision is significant for the present study as the muscovite CPO (Fig. 6) suggests that at least a component of the deformation within the muscovite occurred by (001)<110 > dislocation glide. Whilst these models are commonly invoked to describe deformation in mid-crustal phyllosilicate-rich lithologies (e.g. Marsh et al., 2009; Imber et al., 2008; Collettini and Holdsworth, 2004) , their application to specific natural fault rocks has been limited to date. Jefferies et al. (2006a Jefferies et al. ( , 2006b applied the model of Bos and Spiers (2002) to phyllonites and foliated cataclasites of the Median Tectonic Line, Japan, in which there was no evidence for phyllosilicate crystal plasticity. The Niemeijer and Spiers (2005) model on the other hand offers a means to estimate the approximate effective shear strength (t) of the KFZ phyllonites, incorporating the effects of phyllosilicate crystal plasticity, during FVF in the upper-to mid-crust.
The model describes the effective shear strength (t)o fa n assemblage undergoing FVF by the equation
( 1) where t gb is the shear resistance due to frictional slip along phyllosilicate grain boundaries, t pl is the shear resistance due to crystal plasticity in the phyllosilicate foliae, t ps is the shear resistance resulting from pressure solution of the rigid clasts and t dil is the shear resistance resulting from dilation of the model microstructure. The exponents of À20 and À0.05 (i.e. À1/20) allow the model to accurately reproduce the experimentally observed transitions between regimes dominated by each of these deformation processes, whilst allowing the strength behaviour of the system to be represented using a single continuous function (Niemeijer and Spiers, 2005) . Each of these components are defined respectively as:
where P is the proportion of clast grain boundary area undergoing sliding, m gb is the phyllosilicate grain boundary friction coefficient, s n (Pa) is the effective normal stress, C (s À1 ) and a (Pa À1 )a r e empirical constants taken from Kronenberg et al. (1990) (2)e(5) are taken as defined by Niemeijer and Spiers (2005) for strike-slip faults, except where they can be modified for the composition and environmental conditions of the KFZ phyllonite, as defined in Table 4 .P¼ 0.6 was visually estimated from the approximate proportion of foliation parallel grain boundaries in EBSD and EDX maps (Fig. 6 ) and backscattered electron images (Fig. 5) . Values of d ¼ 4.3 mm(n¼ 3510) and B ¼ 1.6 were determined using the automated grain size statistics of the Channel 5 software for albite in the EBSD map area of Fig. 6a . The molar volume of albite (1.0006 Â 10 À4 m 3 mol À1 ) was taken from the database of Holland and Powell (1998) . Temperatures were calculated according to a geothermal gradient of 35 Ckm
À1
, corresponding to that estimated by Wallis et al. (2014b) from geothermobarometry of c. 17 Ma migmatites within the EKMC. Where possible, and within reasonable limits of uncertainty, values are chosen that will produce a maximum effective shear strength such that the modelled strength profile approximates an upper strength limit. For instance, the chosen value for m gb is 0.38 (see below), determined by Behnsen and Faulkner (2012) for a muscovite aggregate in the presence of pore fluids and confining pressure.
This value is broadly consistent with values of m ¼ 0.3-0.4 for muscovite aggregates sheared at temperatures up to 700 C (Mariani et al., 2006) . However, the coefficient of friction for individual muscovite (001) surfaces is likely considerably lower than those of granular aggregates (Bos and Spiers, 2002) . K s,p values for quartz were used in the absence of such data for albite. Effective shear strengths (Fig. 8) were calculated for Coulomb friction (m ¼ 0.6 and 0.1), and FVF of the albite-muscovite assemblage between 0 and 20 km depth following Niemeijer and Spiers (2005) . Hydrostatic pore fluid pressures are assumed throughout. However, evidence for supra-hydrostatic fluid pressures within the Nubra strand of the KFZ suggests that the modelled effective normal stress distribution is an upper limit such that the results again provide a maximum effective shear strength. The strength of quartz undergoing dislocation creep was also calculated using the wet quartzite flow law of Luan and Paterson (1992) rewritten for simple shear by Bos and Spiers (2002) .
Effective shear strength of the KFZ phyllonites
The modelling of the KFZ phyllonite predicts its effective shear strength during strike-slip deformation between 0 and 20 km depth (Fig. 8) , assuming that the mineral assemblage and strain rate were to remain constant across all depths. Mineral transformations and changes in strain rate that are expected to occur at depths other than those at which the phyllonite formed mean however that the model results are most appropriate for the 351 ± 34 C temperature range and should be treated with caution outside this range. For instance, although FVF is always weaker than quartz dislocation creep at equivalent strain rate, the phyllonite protoliths at greater depth may lack the necessary phyllosilicate content for FVF, such that quartz dislocation creep is an important deformation mechanism at > 11 km depth. Uncertainty in the model results is difficult to quantify due to the large number of variables, some of which have poorly constrained values/uncertainties themselves. The least well constrained parameters are the diffusion-and crystal plasticity-related variables, as discussed by Bos and Spiers (2002) Fig. 8 . FVF strengthedepth plot for the Nubra Formation phyllonite (bold curves), calculated for strain rates of 10 À10 s À1 and 10 À12 s À1 according to equations (1)e(5), and Niemeijer and Spiers (2005) . The dark grey envelope summarises the range of values discussed in the text arising from different strain rateefriction coefficient combinations. Also shown are the shear strength lines for Coulomb friction coefficients (m) of 0.6 and 0.1 (dotted), and quartz undergoing viscous dislocation creep at strain rates of 10 À10 s À1 and 10 À12 s À1 (dot-dashed), following Bos and Spiers (2002) and Luan and Paterson (1992) . Hydrostatic pore fluid pressures are assumed throughout. Temperature scale and modelling assumes a Miocene geothermal gradient of 35 Ckm À1 (Wallis et al., 2014b) . Horizontal dashed line and light grey shaded region show the 351 ± 34 C temperature range determined by chlorite geothermometry.
and Niemeijer and Spiers (2005) . Changes in the strain rate estimate affect the FVF effective shear strength most at < 3 km and >11 km depth, where shear strength is dominantly controlled by pressure solution and dislocation glide respectively, with greater shear resistance at higher strain rates. Within the 351 ± 34 C range of chlorite temperatures, shear strength is controlled primarily by the frictional strength of muscovite, reduced by crystal plasticity. In this temperature range shear strength is not greatly affected by changes in strain rate due to the frictional control. Niemeijer and Spiers (2005) defined four deformation regimes, A-D, in which shear strength is dominated by (A) plasticity of phyllosilicate foliae, (B) frictional sliding in/on phyllosilicate foliae, (C) clast pressure-solution and (D) dilation-accommodated sliding respectively (Fig. 9) . The elevated Miocene geothermal gradient within the Karakoram terrane (c.3 5 Ckm À1 ; Wallis et al., 2014b) facilitates fluid-assisted diffusive mass transfer and dislocation glide such that the KFZ phyllonite FVF strength is lower than in the generalised case calculated by Niemeijer and Spiers (2005, Figure 9 ) and that estimated for phyllonite from the Median Tectonic Line, Japan, by Jefferies et al. (2006a) , both of which assumed a geothermal gradient of 25 Ckm
À1
. Enhanced phyllosilicate plasticity results in significantly reduced flow strength in regime A, and more modest strength reduction in regime B where deformation is instead dominated by frictional sliding on the phyllosilicate foliae. The depth extent and shear strength of Regime C is significantly reduced in the KFZ phyllonite model relative to that of Niemeijer and Spiers (2005) due to enhanced pressure solution. Whilst pressure-solution of the albite clasts was an important microstructural process, it added little additional shear resistance, such that the FVF strength of the albite-muscovite assemblage is not significantly different from that of pure muscovite at depths of <5k m ( Fig. 8) . This emphasises the need for further experimental constraints on both the rheology of muscovite over the wide range of crustal conditions and, also, the dissolution/precipitation kinetics of albite. The latter should constrain the extent to which dissolution, diffusion or precipitation rates differ from those of quartz and which step is rate-limiting for pressure-solution under mid-crustal conditions.
The chlorite geothermometry results constrain the active FVF in the KFZ phyllonite to 351 ± 34 C (i.e. c.9e11 km depth, Fig. 8 ). The primary control on the FVF strength of the assemblage, and its uncertainty, under these conditions is the muscovite friction coefficient. Behnsen and Faulkner (2012) (2012) we take a friction coefficient of 0.38 as being typical (Table 4) , which gives maximum shear strengths of 16.3 and 12.5 MPa at the same depth and strain rates respectively (Fig. 8) . However, as discussed by Bos and Spiers (2002) , friction on single muscovite cleavage planes, as in the model geometry, may be as low as 0.12 or even less, depending upon normal stress and environmental conditions. Nonetheless, the relatively high proportion of muscovite in the bands in which it occurs suggests that aggregate, rather than single crystal, friction coefficients may be more appropriate for this lithology. These modelling results constrain the effective shear strength of only a volumetrically small portion of the fault zone (i.e. limited extent in both depth and thickness). Nonetheless, the depth range at which the phyllonite formed is commonly inferred to be the strongest portion of crustal fault zones (Sibson, 1986; Scholz, 1988; Imber et al., 2008) and, in which case, is the portion that dominates total crustal fault zone shear strength and where the effects of weakening may be most pronounced. The rheology of the phyllonite, whilst at its depth of formation and FVF, is likely therefore to have significantly influenced the macroscopic behaviour of the fault zone.
Discussion
Deformation-metamorphism-fluid interactions and implications for fault zone rheology
Retrograde phyllonitisation of the Nubra Formation within the KFZ provides an example of interactions and feedbacks between deformation, metamorphism and fluid processes within a largescale strike-slip fault zone. Peak kyanite-grade metamorphism (622 ± 41 C) and regional deformation of the Nubra Formation occurred prior to the 15.87 ± 0.08 Ma intrusion of the NubraSiachen leucogranite and associated andalusite-grade contact metamorphism at c.5 0 0 C and c. 320e330 MPa (Phillips et al., 2004; Reichardt and Weinberg, 2012; Wallis et al., 2014b) . Mylonitic deformation within the Nubra strand of the KFZ had largely ceased to affect the Nubra-Siachen leucogranite by 13.73 ± 0.34 Ma (Phillips et al., 2004) . Deformation of the adjacent Nubra Formation continued however after this time, as it records mylonitic deformation to lower temperatures (c.4 00 C) than those affecting the leucogranite (c.5 0 0 C; Phillips and Searle, 2007; Wallis et al., 2013) .
Continued syn-kinematic exhumation and cooling of the Nubra Formation resulted in greenschist facies phyllonitisation at 351 ± 34 C, characterised by the breakdown of biotite and synkinematic growth of muscovite and chlorite. The localised (7e10 m wide) nature of the principle phyllonite band suggests that this Niemeijer and Spiers (2005) , in which the modelled strength is dominated by (A) phyllosilicate plasticity, (B) frictional sliding in/on phyllosilicate foliae, (C) pressure-solution and (D) dilationaccommodated sliding respectively (boundaries shown as dashed black lines). Blue lines converge in regime B due to negligible impact of strain rate-sensitive mechanisms within regime where strength is controlled by frictional-sliding. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) was a zone of locally elevated fluid flux (Wallis et al., 2013) , presumably resulting from increased permeability induced by preceding deformation, as suggested by sheared quartz veins preserved within the non-phyllonitised metapelitic mylonites. The abundant muscovite within the phyllonite, along with the action of grain boundary fluids, allowed FVF to occur with lower shear resistance than quartz crystal plasticity at the same temperature (Fig. 8) , causing quartz and albite to behave as relatively rigid clasts. The low effective shear strength (<20 MPa) of the phyllonite undergoing FVF, further enhanced strain localisation to within the phyllonite band.
Dynamic recrystallisation microstructures preserved in relict quartz clasts (Fig. 4b) demonstrate that the phyllonite was derived from an originally mylonitic protolith. Several previous studies of phyllonite (e.g. Great Glen Fault, Scotland, Stewart et al., 2000; Median Tectonic Line, Japan, Jefferies et al., 2006a; Shigematsu et al., 2012; Zuccale Fault, Elba, Collettini and Holdsworth, 2004) have documented evidence for cataclasis that triggered fluid influx, resulting in the growth of low friction phyllosilicates and the onset of fluid-assisted diffusive mass transfer processes. Brittle deformation did affect the Nubra Formation mylonites prior to phyllonitisation, as recrystallised quartz and calcite veins provide evidence for episodic embrittlement events, likely driven by elevated pore fluid pressures (Wallis et al., 2013) . This is supported by the recrystallised quartz vein clast within the phyllonite. The lack of CPOs in quartz and albite, even within the more competent quartz-rich domains (Fig. 6g) , also suggest that the rock may have undergone cataclasis following mylonitisation but prior to phyllonitisation. The lack of CPOs in the quartz-rich domains may also result however from a range of other deformation processes (e.g. grain boundary sliding) during pre-phyllonitisation deformation. From these (micro)structures, the following generalised sequence of events during exhumation and cooling can be inferred:
Mylonitic deformation of the Nubra Formation metapelites (c. 400e550 C), Localised transient fracturing events and fluid penetration due to elevated pore fluid pressure, Vein precipitation resulting from fluid-assisted diffusive mass transfer and pore fluid pressure drops during fracturing, Continued mylonitic deformation and dynamic recrystallisation of vein material (c.400e500 C), Retrograde reaction and phyllosilicate formation, with shear leading to phyllonitisation (351 ± 34 C), potentially along a preexisting fracture network such as that associated with vein formation. Frictional-viscous flow within the phyllonite (351 ± 34 C).
Experimental observations of FVF show that it is associated with velocity strengthening behaviour characteristic of aseismic creep (Bos et al., 2000; Spiers, 2001, 2002; Niemeijer and Spiers, 2007; den Hartog et al., 2013; den Hartog and Spiers, 2013, 2014) . This is consistent with cm-scale folds in the KFZ phyllonite that demonstrate that its deformation was dominantly ductile at the hand-specimen scale. However, Imber et al. (2008) argue that localized, potentially seismic, frictional slip may be common within phyllonitic fault cores due to factors such as elevated pore fluid pressure, stress/strain rate fluctuations around geometric irregularities and/or reorganization of the phyllosilicate network during changes in boundary conditions and slip vector. Analogue experiments have demonstrated that assemblages undergoing FVF can display marked velocity weakening and develop cataclastic microstructures when subjected to high sliding velocities (>1 mms À1 , Spiers, 2006, 2007) . Such findings suggest that creeping phyllonite fault cores may be able to accommodate propagating seismic ruptures that nucleate within internal domains of velocity weakening material (such as the quartz-rich domains of the KFZ phyllonite) or in adjacent lithologies (such as the Nubra-Siachen leucogranite within the Nubra strand). Niemeijer and Vissers (2014) reached similar conclusions based on geological and seismological observations and experimental data from phyllosilicate-rich gouges representing deformation at shallower depths of c. 4 km. For earthquakes to occur, such velocity weakening domains must be large enough for nucleating ruptures to reach a critical length, which depends upon effective normal stress and frictional properties of the material (Scholz, 2002) . Such critical nucleation lengths are c.1 e10 m for deformation at a few kilometres depth (Niemeijer and Vissers, 2014) , suggesting that nucleation within the mm-scale quartz-rich domains of the KFZ phyllonite is unlikely to have occurred at depths where FVF operated. Nonetheless, the surrounding leucogranite and metasediments are more than large enough to have hosted seismic rupture nucleation.
Whilst evidence for localised and potentially seismogenic frictional slip (e.g. through-going principle slip surfaces) is lacking within the KFZ phyllonites, cataclasite-filled faults are abundant within the adjacent leucogranite and cross-cut the Nubra Formation as later structures formed at shallower depths (Phillips and Searle, 2007; Wallis et al., 2013) . Similarly, palaeoseismic evidence suggests that large magnitude (M w > 6) Quaternary earthquakes have occurred in the vicinity of the Nubra strand (Upadhyay, 2001 (Upadhyay, , 2003 Phartiyal et al., 2005; Phartiyal and Sharma, 2009) , which is likely to contain similar active fault rocks (including phyllonites) at depth to those exposed at the surface and continues to deform with dominantly dextral strike-slip kinematics, similar to the exhumed phyllonites (Phillips and Searle, 2007) . It is probable therefore that localized brittle slip did affect the phyllonites intermittently, but that evidence for it has been obscured by subsequent FVF. Such considerations suggest that whilst the principle deformation mechanism of the phyllonite was FVF, the phyllonite band may have been able to accommodate seismic ruptures.
Constraining fault strength in models of Himalayan-Tibetan tectonics
Fault friction is an important consideration for mechanical models for deformation of the Tibetan Plateau. The 3D mechanical modelling of He and Ch ery (2008) predicts KFZ slip-rates of between c.1e13 mm/yr when friction coefficients are varied between 0.60 and 0.02. The results of the present study suggest that the FVF shear strength of the central KFZ at c. 10 km depth is comparable to that produced by a Coulomb friction coefficient of 0.1 (Fig. 8) . He and Ch ery (2008) also suggest that a friction coefficient of 0.1 provides the best general fit between their model predictions and geological constraints on the slip-rates of the Karakoram, Altyn Tagh and Kunlun faults. For this friction coefficient, the He and Ch ery (2008) models predict KFZ slip-rates of c.7 e10 mm/yr. These rates are broadly equivalent to the slower long-term sliprates of c.4e10 mm/yr for the central KFZ derived from geological observations (Searle et al., 1998; Phillips et al., 2004) and complied Quaternary slip-rates of > 5e11 mm/yr from the southern KFZ (Chevalier et al., 2012) . However, it should be noted that there are considerable ranges of both faster and slower long-term, Quaternary and present day slip-rate estimates for the KFZ (see compilation by Searle et al., 2011) . It is not the purpose of this discussion to discriminate between these slip rates but rather to highlight the need for further geological constraints on the strength of major faults to inform mechanical models of large-scale tectonic processes. Concomitantly, improved experimental constraints on the fundamental mechanics and chemical kinetics of deformation processes are required to reduce the uncertainties associated with microphysical modelling.
FVF within the KFZ phyllonite appears to operate at sufficiently low shear stresses (approximating a Coulomb friction coefficient of 0.1) to be consistent with models of strain partitioning in the NW Himalaya, which require friction coefficients < 0.18 in the KFZ . Such strain partitioning has been suggested to translate the NW Himalaya towards the western Himalayan syntaxis, contributing to rapid uplift and exhumation of the Nanga Parbat massif . This study suggests that FVF within phyllonite provides a plausible weakening mechanism to facilitate these large-scale geodynamical processes. The growing geological evidence for FVF controlling the shear strength of the mid-crustal portions of major faults further suggests that incorporation of FVF-type rheologies into large-scale mechanical models is an important contemporary research objective.
Conclusions
Phyllonites in the Nubra strand of the Karakoram Fault Zone record evidence for deformation-fluid-metamorphism interactions that resulted in low effective shear strength within the frictionalviscous transition zone. Transient fluid-related fracture events in exhuming mylonitic metapelites promoted greenschist facies phyllonitisation and development of through-going muscovite-rich domains. Frictional-viscous flow within these domains occurred at 351 ± 34 C with modelled effective shear strengths of <20 MPa. The phyllonites are inferred to have deformed predominantly by aseismic creep. Potential for velocity weakening behaviour at high sliding velocities however suggests that earthquake ruptures may have been able to propagate within the phyllonite. The presence of the phyllonite band does not therefore preclude large magnitude earthquakes within the fault zone with subsequent healing and re-phyllonitisation of the microstructure. The low effective shear strength of the KFZ phyllonite is broadly consistent with mechanical models of the macroscopic tectonics of the Tibetan Plateau and NW Himalaya. Further geological investigations into the shear strengths of major faults in the India-Asia collision zone are required to ground-truth such models and characterise the longterm deformation of the region.
